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Foot intrinsic motion originates from the combination of numerous joint motions giving this segment a
high adaptive ability. Existing foot kinematic models are mostly focused on analyzing small scale foot
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bone to bone motions which require both complex experimental methodology and complex inter-
pretative work to assess the global foot functionality. This study proposes a method to assess the total
foot deformation by calculating a helical angle from the relative motions of the rearfoot and the forefoot.
This method required a limited number of retro-reflective markers placed on the foot and was tested for
five different movements (walking, forefoot impact running, heel impact running, 90° cutting, and 180°
U-turn) and 12 participants. Overtime intraclass correlation coefficients were calculated to quantify the
helical angle pattern repeatability for each movement. Our results indicated that the method was sui-
table to identify the different motions as different amplitudes of helical angle were observed according to
the flexibility required in each movement. Moreover, the results showed that the repeatability could be
used to identify the mastering of each motion as this repeatability was high for well mastered move-
ments. Together with existing methods, this new protocol could be applied to fully assess foot function in
sport or clinical contexts.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The foot is a central element for locomotion and is subject to
repetitive and intensive loadings during daily life. Foot muscu-
loskeletal disorders therefore frequently occur and could lead to
painful affections of the knee and hip joints, and back segment
(Bird and Payne, 1999). Understanding foot movements is crucial
to improve rehabilitation programs, surgical decision-making, or
athletic performance. The foot contains numerous small bones
with relative motions around multiple axes, ranging between 5°
and 15° during slow running (Arndt et al., 2007), which combi-
nation results in the total foot deformation. The foot’s specific
architecture renders in a good ability to adapt ground unevenness
and resist cyclic or non-cyclic loadings. Because of the complexity
of the foot joint structure, the small ranges of motion and the
small size of foot bones, the analysis of intrinsic foot kinematics
has always been a challenge.

Existing models of foot kinematics tend be more and more
detailed, sometimes using medical imaging measurements (Bei-
mers et al., 2008; Gutekunst et al., 2013; Ledoux et al., 2006;
Stindel et al., 1999a, 1999b; Woodburn et al., 2002) or including up
to nine segments tracked with 19 external markers (Arndt et al.,
x: þ33 4 91 17 22 52.
thrat).
2007; Baker and Robb, 2006; Deschamps et al., 2011; Leardini
et al., 1999; Nester et al., 2010; Simon et al., 2006; Stebbins et al.,
2006). Most of these models calculate joint kinematics using
Cardan rotation sequences as recommended by ISB (Wu and
Cavanagh, 1995). This method is however subject to controversy
(Chèze, 2000; Piazza and Cavanagh, 2000) as its outputs are
known to be prone to error propagation (Wu et al., 2002) and
subject to cross talk effects (Phadke et al., 2011; Ramsey and
Wretenberg, 1999). Moreover, given the high number of embedded
degrees of freedom in the foot, the three independent orthogonal
angles from the Cardan sequence are unlikely to anatomically
represent the complex multidirectional foot intrinsic motion.

As an alternative approach to the Cardan method, the finite
helical axis (FHA) allows to represent movements between two
segments while remaining independent from the orientation of
local embedded coordinate systems (Marin et al., 2003; Sheehan,
2007; Woltring, 1994). Numerous studies on knee (Blankevoort
et al., 1990; Marin et al., 2003; Sheehan, 2007; van den Bogert
et al., 2008), spine (Kettler et al., 2004), neck (Woltring et al.,
1994), ankle (Tuijthof et al., 2009) joints and foot bone-to-bone
description showed the interest of using the FHA to clarify joint
rotation axes or movement kinematics (Arndt et al., 2007). Graf
and Stefanyshyn (2012a, 2012b) and Graf et al. (2012) also used the
helical axis to analyze the main orientation around which the foot
internal movement occur. However, this study did not consider the
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helical angle value in itself, while this angle may be interesting to
quantify the total intrinsic foot motion during several tasks.
Although these previous methods brought a significant contribu-
tion to the understanding of foot motion, the application of the
helical angle to assess total foot movement can be widened.

The present study aimed to propose a complementary method
to the existing ones (Graf et al., 2012; Stebbins et al., 2006), to
assess foot global deformation during daily and sport movements.
The helical angle will be calculated to express the movement
between forefoot and rearfoot segments during five different
movements. The method will be statistically analyzed in terms of
repeatability. We hypothesized that the helical angle is repre-
sentative of foot total intrinsic movement and provides a char-
acterization of each movement.
Fig. 1. (a, b) Markers positioning used for the finite helical angle (FHA) calculations.
(a) Forefoot markers. One marker is placed on the first metatarsal head (MT1), one
is placed on the fifth metatarsal head (MT5), and the third is placed on the first
phalange of the first toe (PHAL). (b) Rearfoot markers. Two markers are placed
respectively on the lateral (CALCEXT) and medial (CALCINT) aspects of the calca-
neum. The third one is placed on the posterior aspect pf the calcaneum (HEEL).
(c) Forefoot and rearfoot coordinate systems. The FHA will be calculated as the
resolution of the rotations between these two coordinate systems.
2. Methods

2.1. Subjects and tasks

Twelve subjects, 6 men and 6 women (mean7sd: 26.674.4 years;
66.578.2 kg; 174.776.1 cm) with no lower limb injury volunteered for this study.
All participants gave informed consent and the local ethical committee has
approved the protocol. Following a training period, each subject performed five
repetitions of five different movements: walking, running with forefoot impact,
running with heel impact, 90° lateral cutting, and 180° U-turn in a randomized
order (see Supplementary material for more details). All movements were per-
formed along a 12 m pathway, equipped with an embedded force plate (Kistler,
model 9281, 1000 Hz) located 7 m after the start of the pathway.

2.2. Data acquisition and analysis

Six retro-reflective markers were placed on the forefoot and rearfoot parts of
the right foot segment following the protocol of Graf et al. (2012) ( Fig. 1a and b,
Supplementary material).

Kinematic data were recorded by an 8-camera optoelectronic system (Vicon,
Oxford UK, 125 Hz). Ground reaction forces and kinematics data were synchronized
and acquired using the Vicon system. Data from the force plate were used to
precisely determine the stance phase. Kinematic data were filtered using a zero
time-lag 4th order low-pass Butterworth (net cut-off frequency: 6 Hz), then time
normalized on 100 points over the stance phase.

Right-handed local coordinates systems (CS) were constructed and the relative
motion of the forefoot relative to the rearfoot CS was quantified by calculating the
helical angle for each time point of the movement (Supplementary material).
Results have been offset by the value of the helical angle at the instant preceding
the impact. The total waveform of the helical angle, quantifying the global intrinsic
foot motion, was studied as well as two finite variables: its maximum and
amplitude.

2.3. Statistical analysis

Repeated measures ANOVAs were performed on two finite variables (helical
angle maximum and amplitude) separately for each task in order to evaluate their
capacity to discriminate in between the five conditions and therefore to be
representative of foot intrinsic global deformation. In addition, classical ICC was
calculated on these variables to estimate their repeatability (Mahaffey et al., 2013)
and may validate the choice of these finite variables to represent the total foot
deformation. Overtime intra-class correlation coefficients (ICCx) were calculated to
assess the helical angle repeatability over the entire waveform based on Duhamel’s
method (Duhamel et al., 2004; Preatoni et al., 2013) (see Supplementary material).
ICCx is expressed between 0 and 1. Shrout’s interpretation has been retained for the
evaluation of our measures (Shrout, 1998) as follows: between 0 and 0.1: no
repeatability; between 0.11 and 0.4: slight; between 0.41 and 0.6: fair; between
0.61 and 0.8: moderate; between 0.81 and 1: substantial. Repeated measures
ANOVAs were performed on the ICCx, with the 12 participants as observations and
the five movements as conditions. Results were considered significant when
po0.05 and Newman–Keuls post-hoc test were used when necessary.
3. Results

Averaged maximum values of the helical angle ranged from
4.4374.5° for the 180° U-turn to 20.7876.65° for walking (Figs. 2
and 3), maximum helical angle was significantly different between
all the conditions (F4,50¼ 21.7 po0.05) except for 90° cutting
(12.5477.8°) similar to heel impact running (13.0176.72°)
(Table 1). 180° U-turn was characterized by the smallest amplitude
(9.974.13°) and walking revealed the biggest amplitude with
26.575.23° (Figs. 2 and 3; Table 1). All movement amplitudes
were significantly different from each other (po0.05). The ICCs on
finite variables showed values higher than 0.7 for all movements
for both the maximum and the amplitude variables, except for the
U turn movement, for which both of the variables had an ICC
under 0.6 (Table 1).

The intraclass correlation coefficients showed significant dif-
ferences in between the movements. The three daily-performed
movements: walking and two types of running showed ICCx
respectively equal to 0.9570.07, 0.9770.02, and 0.9570.05
meaning a substantial repeatability, 90° cutting obtained an ICCx
equal to 0.8470.15 and 180° U-turn had ICCx equal to 0.3770.36.
The ICCx of the three daily-performed movements and the 90°
cutting were significantly different from the ICC of the 180° U-turn
movements (F4,50¼19.85, po0.05) without significantly differing
from each other (Fig. 3).
4. Discussion

This study aimed at proposing a complementary method to
existing ones (Graf et al., 2012; Stebbins et al., 2006) to assess
overall foot deformations during dynamic activities. Based on
existing methods that looked at the main axis of motionwithin the
foot, the present approach quantifies the helical angle between the
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forefoot and the rearfoot segments in order to assess the global
amount of deformation instead of considering multiple articular
joint angles. This approach has the advantage of being easily
implemented to a high number of locomotor tasks and to different
populations because of the small number of required markers
(n¼6). Particularly, the marker placement proposed by Graf et al.
and used in the present study is compatible with sports or clinical
contexts. Furthermore, since the FHA is not sensible to the orien-
tation of embedded local frames, the proposed method is not very
sensitive to marker placement and could be used with other
motion capture tools such as inertial sensors.
Fig. 2. Averaged helical angle profiles for the five experimental conditions, time
normalized over the stance phase. Results have been offseted by the value of the
helical angle at the instant preceding the impact.

Fig. 3. Averaged (7s.d.) overall cycle ICCx values for each movement. * represents
significant differences from all other conditions (po0.05).

Table 1
Maximum and amplitude values of the finite helical angle (mean7standard deviation)

Variable Walking Heel impact run Fore fo
Value (deg) ICC Value (deg) ICC Value (

Maximum 20.7876.65a 0.76 13.0176.72 0.88 16.478
Amplitude 26.4975.23a 0.70 20.1774.13a 0.72 23.647

a The variable for the considered condition is significantly different from all other c
In addition to previous existing methodologies, the main con-
tribution of our method, while not providing a complete descrip-
tion of the motion, is to consider the total amount of intrinsic foot
deformation in order to fully characterize foot function and is
complementary to existing methodologies. Based on the results
observed for five different motions, the method appeared suitable
for discriminating the different motions as the computed variables
were significantly different when comparing a specific activity
with the other ones (Table 1, Fig. 3). Moreover, the classical ICC
performed on the finite variables (e.g. maximum and amplitude
values of the helical angle) showed repeatable results for all the
movements (Table 1). The present method can therefore give
reliable information on foot total deformation during either cyclic
or non-cyclic movements. Maximum and amplitude of the helical
angle were representative of foot intrinsic deformation and suffi-
ciently sensitive to statistically differentiate movements between
them. As expected, cyclic locomotor movements that require more
flexibility from the foot reached the highest values of the helical
angle. Opposite to that, non-cyclical movements as 90° cutting and
the U-turn got less amplitude, related to a more stiffened foot that
could correspond to a specific postural control of the foot to avoid
injury or increase performance (Kelly et al., 2014). Interestingly,
using overtime ICCx to assess the repeatability of the helical angle
over the stance phase of each movement can be used to identify a
signature of movement expertize. The repeatability of the helical
angle for well-known locomotor tasks (walking and running) and
90° cutting was all higher than for the U-turn, reflecting poor
mastering of the latter from the participants. Therefore, the use of
overtime ICCx on the helical angle seems to be a new objective
tool for understanding the foot deformation under different loads,
or the effects of training on this deformation over time.

More than the usual interpretation of standard deviation values
(Stebbins et al., 2006), the use of ICC and ICCx methods can
become a standard for the evaluation of the multisegments foot
model repeatability and further be compared to the proposed
method that already showed fairly good results in this topic.

When considering the present results and method, some lim-
itations should be considered. First, kinematic analyses are subject
to inherent limitations such as the use of external markers which
are affected by skin motion artifact. Second, this method breaks
away from traditional analysis and does not describe the motion in
terms of flexion/extension, abduction adduction and external/
internal rotation movements. As these three rotations are known
to be relevant in clinical context, an adaptation of our method
could be further implemented by projecting the helical axis in the
rearfoot coordinate system and analyzing the components of the
helical angle.

To conclude, the proposed method proved capable of char-
acterizing overall foot deformation through the helical angle,
thereby being complementary to existing methods. The use of
helical angle appeared a suitable method to quantify foot defor-
mation and therefore to improve our knowledge of foot intrinsic
deformation during numerous tasks. It would be interesting to
investigate on the information that this angle could bring on foot
function disorders associated with pathological deformation or to
for the five experimental movements. ICC is presented for each variable.

ot impact run 90° shifting 180° U-turn
deg) ICC Value (deg) ICC Value (deg) ICC

.37a 0.82 12.5477.80 0.79 4.4274.58a 0.52
5.48a 0.83 16.4574.97a 0.82 9.8674.13a 0.31

onditions.
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what extent it could characterize a difference between different
foot types.
Conflict of interest statement
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in
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